
Abstract Caveolae are flask-shaped invaginations of the
plasmalemma which pinch off to form discrete vesicles
within the cell cytoplasm. Biochemically, caveolae may be
distinguished by the presence of a protein, caveolin, that is
the principal component of filaments constituting their stri-
ated cytoplasmic coat. Squamous alveolar epithelial type I
(ATI) cells, comprising approximately 95% of the surface
area of lung alveolar epithelium, possess numerous plasma-
lemmal invaginations and cytoplasmic vesicles ultrastruc-
turally indicative of caveolae. However, an ultrastructural
appearance does not universally imply the biochemical
presence of caveolin. This immunocytochemical study has
utilised a novel application of confocal laser scanning and
electron microscopy unequivocally to localise caveolin-1 to
ATI cells. Further, cytoplasmic vesicles and flask-shaped
membrane invaginations in the ATI cell were morphologi-
cally identified whose membranes were decorated with an-
ti-caveolin-1 immunogold label. Coexistent with this, how-
ever, in both ATI and capillary endothelial cells could be
seen membrane invaginations morphologically characteris-
tic of caveolae, but which lacked associated caveolin
immunogold label. This could reflect a true biochemical
heterogeneity in populations of morphologically similar
plasmalemmal invaginations or an antigen threshold re-
quirement for labelling. The cuboidal alveolar epithelial
type II cell (ATII) also displayed specific label for caveolin-
1 but with no ultrastructural evidence for the formation of
caveolae. The biochemical association of caveolin with ATI
cell vesicles has broad implications for the assignment and
further study of ATI cell function.
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Introduction

Caveolae are flask-shaped invaginations connected by a
neck-like structure to the plasmalemma presenting an open-
ing to the extracellular space of diameter 20–40 nm. De-
spite suggestions that the membranes of caveolae invagina-
tions remain continuous with the plasmalemma (Bungard et
al. 1979), thereby providing a spatial continuity with the
cell exterior, sufficient functional data have now been ob-
tained to indicate that at least certain populations can de-
tach to form discrete cytoplasmic caveolae vesicles of di-
ameter 80–100 nm (Kurzchalia and Parton 1996; Parton et
al. 1994). Reported caveolae functions include: the concen-
trating and internalisation of small molecules or ions by the
process of potocytosis (Anderson et al. 1992), and serving
as a localising domain within the plasma membrane for a
range of signal transduction molecules (Wu et al. 1997 and
reviews of Lisanti et al. 1994 and Couet et al. 1997).
Caveolae are also recognised to act as intracellular traffick-
ing (Fielding and Fielding 1996), and endocytotic and
transcytotic, vesicles for macromolecules (Schnitzer and
Oh 1994).

The morphologic features of caveolae have been
recognised for many years (Fawcett 1966) and are most
prominent in adipocytes and smooth muscle, fibroblast and
capillary endothelial cells. However, it is only comparative-
ly recently that biochemical distinction of caveolae from
other non-clathrin-coated invaginations and free cytoplas-
mic vesicles has been possible and, as a corollary, the for-
mulation of caveolae function derived from studies con-
ducted in a range of different cell phenotypes. At the elec-
tron-microscopic level caveolae invaginations lack the
electron-dense cytoplasmic coat characteristic of clathrin-
coated pits. Biochemically caveolae have been distin-



guished from other ‘non-coated’ invaginations/vesicles by
the presence of caveolin, a 21–24 kDa integral membrane
protein, which is the principal component of filaments that
constitute their striated cytoplasmic coat (Rothberg et al.
1992; Glenney and Soppet 1992). Caveolin protein itself
remains membrane attached at both the plasmalemma in-
vagination and discrete cytoplasmic caveolae vesicle stag-
es. The interaction between oligomeric caveolin complexes
and membrane lipids (Monier et al. 1996) fulfils a critical
role in the generation of caveolae structure. The caveolin
family constitutes at least three distinct genes encoding four
caveolin proteins (Couet et al.1997): caveolin-1 isoforms α
and β (24 and 21 kDa, respectively); caveolin-2 (21 kDa)
(Scherer et al. 1996), and the muscle-specific form cav-
eolin-3 (21 kDa) (Way and Parton 1995; Tang et al. 1996;
Song et al. 1996). Prior to 1996, caveolin studies in the lit-
erature conducted in non-muscle-derived cells relate to the
protein product that has subsequently been defined as cav-
eolin-1.

The morphologic membrane features suggestive of
caveolae invaginations are recognised in electron-micro-
scopic (EM) images of squamous alveolar epithelial type I
cells (ATI), the cell type constituting 93–95% of the surface
area of the alveolar epithelium (Crapo et al. 1982; Haies et

al. 1981). Indeed, it has been estimated (Gil 1983) that 70%
of the surface area of the ATI cell plasmalemma is located
within such invaginations. However, defining caveolae by
ultrastructural appearance alone is not sufficient for consid-
ering potential function, the latter necessitating structural
association with caveolin. The biochemical characterisa-
tion of the ATI plasmalemmal invaginations/cytoplasmic
vesicles has so far not been reported. The aim of this
present study was therefore to confirm immunocytochemi-
cally that the invaginations/cytoplasmic vesicles in the ATI
cell in vivo are associated with immunoreactivity to cav-
eolin, i.e., conform to the biochemical definition of
caveolae. The biochemical confirmation of ATI cell vesi-
cles as caveolae has broad implications for the assignment
and study of potential ATI cell functions.

Materials and methods

Male pathogen-free rats (CD strain) of body weight 120–180 g were
used throughout. The rats were bred and maintained in controlled
temperature and lighting under barrier conditions with access to food
and water ad libitum. Animal experiments were conducted in compli-
ance with the animal (Scientific Procedures) Act 1986.
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(arrows). Peripherally, various air-spaces are surrounded by profiles
of alveolar epithelium and vascular endothelium. The section is light-
ly counterstained with haematoxylin to show nuclear structure (as air
space, C capillary lumen). Scale bar 20 µm

Fig. 1 Bright-field light micrograph of a 10-µm-thick paraffin section
of glutaraldehyde perfusion-fixed rat lung immunostained with anti-
caveolin antibody and immunocolloidal gold. The colloidal gold has
been visualised by silver development and can be seen most promi-
nently along the endothelial side of a centrally located blood vessel



Isolation and perfusion fixation of lung tissue

Lung tissue was fixed by a whole-body perfusion method as briefly
described previously (Yohimura et al. 1986). Under terminal anaes-
thesia with halothane the pulmonary vasculature was perfused with a
prewarmed (37°C) balanced saline solution delivered at a hydrostatic
pressure of 120 cm via a cannula inserted into the pulmonary artery.
The left atrium was cut to allow outflow of perfusates. When the per-
fusate flowed free of blood, perfusion with highly purified 1% mono-
meric 0.1 M phosphate-buffered glutaraldehyde (pH 7.4) (TAAB
Laboratories Equipment Ltd., Berks., UK) was initiated. The lungs
were perfusion fixed in situ for 15 min with approximately 150 ml of
fixative. Following perfusion fixation, 1–5 mm3 tissue samples were
dissected and immersed in the same fixative for a further 2 h. In order
to facilitate complete fixation, air was removed from the lung pieces
by placing them, whilst in the fixative, under vacuum using a pump
developing 0.1 barr pressure (Model VP1, KNF Neuberger UK Ltd.,
Oxford, UK). The tissue blocks were then washed in several changes
of 0.1 M phosphate buffer to remove excess fixative and stored at 4°C
overnight.

Paraffin wax embedding of lung tissue

The following day tissue blocks were washed in double distilled wa-
ter (ddH2O, 2x15 min) to remove residual phosphate ions and some
were dehydrated in an ethanol/xylene gradient and embedded in par-
affin wax using a Shanndon (Shanndon, Cheshire, UK) automated tis-
sue processor. Paraffin wax sections (5–10 µm) were cut from the re-
sulting blocks and mounted on superfrost microscope slides (Shann-
don) in preparation for either staining with haematoxylin and eosin, or
immunostaining and counterstaining with haematoxylin or methyl
green.

Immunostaining of paraffin wax sections

Following removal of paraffin, the slides containing the rehydrated
sections were placed in a humidified chamber and, prior to antibody
incubation, each section was equilibrated for 10 min in 100 µl 0.6%
bovine serum albumin (BSA) in 0.01 M phosphate-buffered solution
(PBS), pH 7.1 (PBS/BSA). After draining, the sections were covered
for 1 h at room temperature in serial dilutions (1:500; 1:1000; 1:2000;
1:4000) of polyclonal anti-caveolin-1 antibody (host-rabbit; Trans-
duction Labs, USA, distributed by Affinity, Mamhead, UK) made
from the 0.25 µg/ml antibody stock solution. The diluent was 0.6%
BSA in 0.01 M PBS. Further sections were included to act as controls
in which the primary antibody was omitted or substituted with an in-
appropriate primary antibody. The sections were then washed 3x5
min with PBS and covered for 1 h with 100 µl goat anti-rabbit IgG an-
tibody (Sigma, Poole, Dorset, UK) conjugated to 5-nm colloidal gold
(manufactured in-house, Medical Microscopy Sciences Unit,
UWCM, Cardiff, UK) diluted 1:40 in PBS/BSA. Sections were
washed in PBS (3x3 min) and in ddH2O (2x5 min) prior to silver am-
plification. Free aldehyde groups were blocked with 0.75 M TRIS ac-
etate buffer pH 7.4 (3x2 min). The imperceptible immunocolloidal
gold label was made visible in the light microscope with a new phys-
ical developer (Newman and Jasani 1998, in press) following which
sections were counterstained with haematoxylin or methyl green.

Bright-field and confocal laser scanning microscopy

Coverslipped, immunostained rehydrated paraffin sections were pho-
tographed in a Reichert photomicroscope and analysed in a Leica
TCS4D confocal laser scanning microscope (CLSM) fitted with a
krypton/argon laser (Leica UK Ltd., Milton Keynes UK). The dense
colloidal gold/silver immunostain provided a strong signal when the
CLSM was set up in reflection mode. Using x40 and x100 oil-immer-
sion lenses, various stacks of optical sections taken all the way
through the tissue in the “z” plane were stored, usually at a sampling

thickness of 0.3–0.4 µm and in a 512x512-pixel format, as electronic
image data sets. These sets were then shown as galleries and recon-
structed as extended focus views, stereo pairs or red/green stereo im-
ages over which CLSM transmission images could be ghosted to
show background structures (Adobe Photoshop software, Adobe Sys-
tems Europe Ltd., Edinburgh, Scotland, UK).

Resin embedding of lung tissue

Some of the remaining ddH2O-washed tissue blocks from the glut-
araldehyde perfusion-fixed rat lung were postfixed in 2% neutrally
buffered osmium tetroxide for 2 h and, following washing, infiltrated
and embedded in Araldite by a routine method (Glauert 1991). Semi-
thin (1 µm thick) resin sections were placed on droplets of water and
dried onto superfrosted slides, where they were stained with
haematoxylin and eosin, or 0.5% toluidine blue in 1% borax, for light
microscope viewing and photography. Sections (70 nm thick) were
mounted unsupported on the matt side of 300-mesh copper grids and
contrasted with saturated uranyl acetate and Reynolds’ lead citrate
(Reynolds 1963).

The remaining lung tissue blocks were washed in ddH2O as for the
previous samples and postfixed in 2% aqueous uranyl acetate for 2 h
in the dark; this was followed by 2x15-min washes in ddH2O to re-
move excess uranyl acetate. The blocks were then partially dehydrat-
ed to 70% ethanol in a graded series of solutions for 2x15 min in each
solution and embedded in LR White acrylic resin by the cold chemi-
cal catalytic method (Newman and Hobot 1987; Newman and Hobot
1993). Briefly, infiltration was initiated with a mixture of LR White
resin (hard grade, precatalysed, London Resin Co., Basingstoke, UK)
and 70% ethanol (2:1) for 1 h and completed with 3x30-min changes
of LR White resin at room temperature. Finally, the tissue blocks were
dropped into 0-gauge gelatin capsules containing LR White resin pre-
cooled to 0°C to which the manufacturer’s accelerator had been add-
ed (1.5 µl accelerator/ml resin). The capsules were then tightly lidded
and the resin left to polymerise overnight in the refrigerator at 0°C.
LR White semithin sections were dried down from water droplets on-
to superfrosted slides and stained with haematoxylin and eosin or
toluidine blue. Thin sections (70–90 nm) were mounted unsupported
on the shiny side of 300-mesh, ethanol-washed, nickel grids ready for
immunolabelling.

Immunolabelling of LR White sections

In a moist chamber, nickel grids containing the lung sections were im-
mersed and allowed to equilibrate (2x20 min) in 20 mM TRIS buffer
(pH 8.0) containing 1% BSA (TRIS/BSA). The grids were then im-
mersed for 1 h in 50-µl droplets of polyclonal anti-caveolin-1 anti-
body at dilutions of 1:500, 1:1000, 1:2000 and 1:4000 in TRIS/BSA.
Control grids were also included in which the primary antibody was
omitted or substituted with an inappropriate antibody. After incuba-
tion the grids were rinsed in TRIS/BSA (3x1 min) and immersed for
1 h in 50-µl droplets of goat anti-rabbit IgG antibody conjugated to
10-nm colloidal gold particles diluted 1:5 with TRIS-BSA buffer. The
grids were then rinsed in TRIS/BSA (2x1 min) and ddH2O (3x1 min)
before counterstaining in 2% uranyl acetate and Reynolds’ lead cit-
rate.

Electron-microscope viewing and photography of resin sections

Following contrasting or immunolabelling and counterstaining, all
thin sections were viewed and photographed in a CM12 Philips trans-
mission electron microscope at an accelerating voltage of 80 or 100
kV.
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Fig. 2a–d The same section as shown in Fig. 1 elec-
tronically imaged in the confocal laser scanning mi-
croscope (CLSM). a An image from the transmitted
laser light detector below the specimen stage. As with
bright-field microscopy, visualisation of the immuno-
stain depends on focal plane (as air space, C capillary
lumen). Scale bar 20 µm. b A gallery of 19 optical
sections taken at steps of 0.46 µm through the paraffin
section with the CLSM set to record reflection imag-
es. The very reflective particles of dense gold/silver
immunostain are shown in black. The linearity of the
immunostain is apparent in many of the sections. c An
extended focus image of all 19 optical sections shown
simultaneously. The total amount of immunostaining
can now be seen. Some linearity is still apparent but
with no lung structure visible its significance cannot
be properly assessed. d A red/green stereo reconstruc-
tion of the 19 optical sections shown in b. The trans-
mission image shown in a has been inverted and
ghosted over the stereo reconstruction to provide a
background of lung architecture against which to eval-
uate the immunostaining. The image when viewed
through red/green stereo glasses shows the three-di-
mensional reconstuction of the whole 10-µm paraffin
section including all of the immunostaining. The nu-
clei and some of the cell profiles are shown overlaid
in light grey
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Western blot determination of caveolin expression in rat lung

To examine rat tissues for caveolin-1 expression, approximately 200
mg various rat organs, including lung, were harvested and processed
in immunoprecipitation buffer [1% Triton X-100; 60 mM octyl-glu-
coside; 150 mM NaCl; 20 mM TRIS pH 8.0; 2 mM
ethylenediaminetetraacetate (EDTA); 50 mM NaF; 30 mM Na pyro-
phosphate; 100 µM Na orthovanadate; 1 mM phenyl methyl
sulphonyl fluoride  (PMSF) and 2 µg/ml leupeptin] to extract protein.
Tissue lysates were clarified by centrifugation at 3000 g for 45 min
and the protein content of the supernatant determined (Lowry et al.
1951). Lysate supernatants were diluted 1:10 with x2 electrophoresis
sample buffer [x1=125 mM TRIS-HCl, pH 6.8, 2% sodium dodecyl
sulphate (SDS), 5% glycerol, 0.003% bromophenol blue, and 1%
ß-mercaptoethanol], and aliquots equivalent to 100 µg total protein
per sample were resolved in a 15% SDS/polyacrylamide gel using the
method of Laemelli (1970). Gels were electroblotted to polyvinyldene
difluoride (PVDF) membrane (Biorad UK) and the membrane probed
with 1:4000 dilution of the primary antibody, rabbit anti-caveolin-1.
After a 18-h incubation at 4°C, the membrane was washed and probed
with the secondary antibody, an anti-rabbit horseradish-peroxidase-
conjugated IgG. Incubation proceeded for 1 h, after which the mem-
brane was washed and chemiluminescent signal generated by use of
an enhanced chemiluminescence (ECL) kit (Amersham UK) and cap-
tured and quantified on film by densitometry.

Results

Discrete sites of immunostaining in rehydrated paraffin
wax sections of glutaraldehyde-fixed rat lung tissue were
convincingly demonstrated without the need for any anti-
gen retrieval methods. The specificity of the polyclonal an-
tibody was validated by controls which were consistently
negative, and dilution profiles in which non-specific back-
ground immunostaining was shown only at the higher anti-
body concentrations. In wet preparations, during silver in-
tensification, it was extremely difficult to detect the marker
microscopically which made it necessary to compare differ-
ent times of silver development. At dilutions in excess of
1:1000 of the primary antibody, in optimally intensified
sections, there was widespread tissue staining with little
non-specific background. However, in bright-field micros-
copy, even though the sections were only 5 or 10 µm thick,
it was extremely difficult to assess the structural
localisation of the very finely distributed immunomarker
because so little of it could be seen in any one focal plane
(Fig. 1). A similar problem was observed in the CLSM
when using the transmitted laser light detector below the
specimen stage (Fig. 2a), but these images provided struc-
tural information, for example on the position of the cell
nuclei. The gold/silver marker was particularly appropriate
for reflection mode CLSM. Galleries of optical sections of
the immunostained tissue at less than 0.4 µm distance apart
(Fig. 2b) revealed the fine linearity of the immunomarker in
particular along the thin membranes of the alveolar epithe-
lium and capillary endothelium. Extended focus views of
all the optical sections in a gallery superimposed (projec-
tion maximum) confirmed the high immunoresponse by
showing the whole 5–10 µm depth of the section at once
(Fig. 2c). However, only three-dimensional reconstructions
gave a view of both total immunostaining and its locali-

sation to lung membranes, the convolutions of which were
surprisingly complex in such thin slices of tissue. Ghosted
transmission images shown over red/green stereo pairs pro-
vided architectural detail (Fig. 2d) so that in the three-di-
mensional reconstruction the alveolar spaces were more
easily identified and separated from blood spaces, enabling
identification of the positive immunostaining of the alveo-
lar membranes.

Electron microscopy afforded greater structural detail of
the alveolar epithelial-capillary endothelial barrier. Postfix-
ing the tissue in osmium retained the fine morphologic
structure of the barrier. Figure 3a shows a section away
from the nuclear region consisting of the very thin
(150–200 nm) cytoplasmic attenuations of an ATI cell on
the air-space side with a similarly thin extension of endot-
helial cell cytoplasm on the capillary lumen side. The two
can be seen separated by a basement membrane with the
thickness of the whole barrier constituting no more than 0.5
µm. Flask-shaped invaginations morphologically indica-
tive of caveolae can be seen in both the ATI and capillary
endothelial cell but, consistent with previous morphologic
studies (Gil et al. 1981; Gil 1983), were more numerous in
the endothelial cell. Postfixation in osmium and embedding
in epoxy resin were incompatible with caveolin immunola-
belling. However, antigenicity was retained if osmium was
avoided and an acrylic resin such as LR White was em-
ployed (Fig. 3b,c). Figure 3b shows an LR White thin sec-
tion of an attenuated region of the lung alveolar-capillary
barrier similar to that shown in Fig. 3a. Both the ATI epithe-
lium and endothelium displayed anti-caveolin immunogold
labelling with, in general, particle frequency greater in the
endothelium than in the epithelium. Taking the size of anti-
bodies into account, the resolution of colloidal gold to spe-
cific membrane profiles should be within a proximity aver-
aging 10–30 nm. In both cell types cytoplasmic vesicles
and flask-shaped membrane indentations could be identi-
fied that were decorated with anti-caveolin-1 immunogold
label. In Fig. 3c the functional unit of the lung alveolar pul-
monary capillary barrier can be seen, with specific
immunolabelling in both ATI and endothelial cells, but also
evident in the cuboidal alveolar epithelial type II cell. A
thorough examination of a large number of tissue sections
failed to reveal structures in the ATII cell with the morpho-
logic appearance of caveolae. A consistent finding also
shown in Fig. 3c was of more intense labelling at sites prox-
imal to the intercellular junctions between ATII and ATI
cells. Figure 3c (inset) emphasises that not all cellular in-
vaginations that are morphologically consistent with
caveolae are decorated with anti-caveolin-1 immunogold
label. This can also be seen in Fig. 3b and was equally ap-
plicable to both ATI epithelial and pulmonary capillary en-
dothelial cells.

Western blot analysis for caveolin-1 in various tissues of
the rat revealed strong expression in the lung (Fig. 4). For
direct comparison each lane was loaded with a fixed
amount of tissue extracted total protein, i.e., 100 µg total
protein per sample. The MDCK cells are a recognised pos-
itive control for caveolin-1 in Western blot analysis. Ex-
pression was strongest in fat and lung tissue, with the signal
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for lung 71% of that for fat. Under the conditions of analy-
sis no detectable signal was obtained for thymus, kidney,
spleen and liver.

Discussion

Using immunocytochemical techniques this study has
shown specific signal for caveolin-1 in the attenuated re-
gions of the in vivo ATI cell. The antibody utilised does not
distinguish between caveolin isoforms 1α and 1β. Howev-
er, evidence collected using in-house isoform-specific anti-
bodies indicates that with constitutive and recombinant
caveolin-1-expressing cell lines the subcellular distribu-
tions of 1α and 1β isoforms largely overlap with both
isoforms colocalising to caveolae (Sherer et al. 1995).

Both light- and electron-microscopic techniques were
essential to characterise the antibody reactions and provide
unambiguous cellular and subcellular localization of cav-
eolin immunomarker. Monoclonal (host: mouse) and
polyclonal (host: rabbit) commercially available anti-cav-
eolin-1 antibodies were tested as part of pilot immunocy-
tochemical validation studies. These studies were undertak-
en using rehydrated paraffin wax sections of rat lung. Ini-
tially, tissue was prepared following a number of fixation
methods including neutrally buffered formalin, mixtures of
formalin and glutaraldehyde, and glutaraldehyde on its
own, and using both immersion and perfusion methods. In
the absence of antigen retrieval methods, which were omit-
ted because we intended to develop the chosen regime ul-
trastructurally, only the polyclonal antibody gave consis-
tent, specific, high-affinity immunostaining across the
whole range of fixed lung tissues (data not shown). This
contrasts with the findings of Brown et al. (1996) and Kas-
per et al. (1998), who describe the need for antigen retriev-

al methods to restore antigenicity toward caveolin. Follow-
ing paraffin wax embedding, lung tissue perfusion-fixed
with glutaraldehyde gave us the finest structure and the
sharpest antibody localisation in the light microscope, and
similarly fixed tissue was adopted for embedding into both
epoxy and acrylic resins for the electron microscope. Im-
munocolloidal gold was preferred as a marker because its
amplification with a powerful new physical developer
(Newman and Jasani 1998 in press) gave dense, punctate
immunostaining with low background. When compared
with controls, unequivocal immunolabel was seen in exper-
imental tissue by bright-field light microscopy of
immunostained paraffin sections, but the gold/silver mark-
er was often very fine and difficult to image with only some
of it appearing in any one plane of focus. However, its high
reflectivity made it ideal for CLSM, which resolved more
signal than was optically visible by bright-field microsco-
py. Image galleries of optical sections less than 0.5 µm in
thickness taken through the 10-µm-thick immunostained
paraffin sections showed an increased laser signal and high-
er resolution, making the linearity and membrane distribu-
tion (airspace vs capillary lumen) of the marker much clear-
er. However, only when galleries were reconstructed as
three-dimensional images could both the total immuno-
staining and its distribution be fully appreciated on lung
membranes. Specifically, three-dimensional reconstruc-
tions revealed the convoluted nature of the thin alveolar ep-
ithelial and capillary endothelial barriers even in tissue sec-
tions of only 5–10 µm thickness. With the profile of alveo-
lar membranes identified, the positive immunostaining of
alveolar epithelium as distinct from the capillary endotheli-
um (recognised to be caveolin-rich) could be corroborated.
A recent study (Kasper et al. 1998) employing double im-
munofluorescence labelling of embedded lung sections has
also claimed caveolin localisation specifically to the ATI
cell. However, our CLSM studies showing the convoluted
nature of the lung alveolar membranes, even within the
high resolution of paraffin wax sections 5–10 µm thick,
lead to a considerable degree of uncertainty as to the preci-
sion with which these workers were able to differentiate be-
tween caveolin signal from alveolar epithelial or capillary
endothelial sources. Further, we have found considerable
nonspecific labelling when using the elevated antibody
concentrations (1:20 to 1:40 dilution of polyclonal) as de-
scribed by Kasper et al. (1998).

Transmission electron microscopy (TEM) provided un-
equivocal cellular identity for caveolin signal and was es-
sential to delineate caveolin subcellular localisation within
cells of the lung alveolar-capillary barrier. Caveolae were
clearly resolvable by TEM with glutaraldehyde fixation and
postfixation in osmium to preserve membrane structure.
However, even after etching the epoxy resin sections in hy-
drogen peroxide (Baskin et al. 1979) or the unmasking of
epitopes by removal of osmium with sodium metaperiodate
(Bendayan and Zollinger 1983), we observed only non-spe-
cific background labelling (data not presented). In acrylic
resin embedded lung tissue, where postfixation in osmium
was substituted with uranyl acetate, good immunolabelling
was, however, achieved without etching, although mem-
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Fig. 3a–c Transmission electron micrographs of resin-embedded
lung tissue (As air space, C capillary lumen). Scale bars 100 nm. a
Araldite thin section of tissue postfixed in osmium showing the alve-
olar-pulmonary capillary barrier in rat lung. Micrograph shows flask-
shaped plasmalemmal invaginations and cytoplasmic vesicles in both
capillary endothelium (right-hand surface) and alveolar type I (ATI)
epithelium (left-hand surface). They are separated by a prominent
basement membrane. Note also in the airspace the presence of surfac-
tant (S). b LR White thin section (osmium omitted) immunolabelled
for caveolin-1. An attenuated region similar to that in a showing nu-
merous colloidal gold particles associated with plasmalemma invagi-
nations (morphologically characteristic of caveolae) and cellular ves-
icles in both ATI and endothelial cells. The epithelial surface is iden-
tified by surfactant (S). c LR White thin section immunolabelled as in
b and showing the functional unit of the lung alveolar pulmonary cap-
illary barrier. An alveolar type II cell (ATII) containing surfactant
granules (Sg) abuts against the attenuated cytoplasm of an alveolar
type I (ATI) cell. The capillary space (C) is lined with equally attenu-
ated endothelium (Endo). Specific colloidal gold labelling is seen in
both endothelium and ATI cell cytoplasm. Note caveolin immunola-
belling of the ATII cell and the high frequency of labelling at ATI-ATII
junctions. Inset Classically shaped caveolae invaginations shown in
an ATI cell. A basal-orientated invagination is displayed associated
with immunolabelling (small arrow), and an apical-orientated invagi-
nation is seen which lacks immunolabel (large arrow)



brane definition was less well preserved. Nevertheless, suf-
ficient morphology was retained to identify cytoplasmic
vesicles and flask-shaped membrane invaginations in the
attenuated regions of both the endothelial and ATI cells.
Both the ATI epithelium and endothelium displayed specif-
ic anti-caveolin immunogold labelling. Concordant with
the observed higher numerical density of caveolae, the
immunogold particle frequency was, in general, greater in
the endothelium than in the epithelium. Intriguingly, we
have consistently observed a higher frequency of mem-
brane invaginations and caveolin immunolabelling at sites
proximal to ATII–ATI tight-junctional complexes, an ob-
servation which may not be unrelated to that of Rothberg et
al. (1992) describing a higher density of caveolae at the mi-
grating edge of cultured fibroblasts. However, the signifi-
cance of this remains to be ascertained.

Consistent with a role for caveolae vesicles as a compo-
nent of a cell’s sorting and intracellular trafficking machin-
ery, caveolin dynamics involves transport between plasma-
lemma and trans-Golgi network (Dupree et al. 1993). In the
thin cytoplasmic attenuations at the periphery of the ATI
cell there is a deficiency of tangible Golgi apparatus and
therefore immunolabelling at these sites may be interpreted
as emanating from caveolin-rich domains within the plas-
malemma, caveolae invaginations and free caveolae cyto-
plasmic vesicles. This is substantiated by examination of
the distribution of caveolin immunomarker with respect to
subcellular morphology. In both ATI and endothelial cells,
profiles of cytoplasmic vesicles and membrane invagina-
tions were seen decorated with anti-caveolin-1 immuno-
gold label. Coexistent with this, in both the aforementioned
cell types could be seen flask-shaped membrane invagina-
tions that lacked associated caveolin immunogold label.
This could reflect a true biochemical heterogeneity in pop-

ulations of morphologically similar plasmalemmal invagi-
nations. Plasmalemma invaginations morphologically con-
sistent with caveolae have previously been shown in prepa-
rations from a caveolin-negative cell line (Sargiacomo et al.
1993; Zurzolo et al. 1994). Alternatively, it could reflect an
antigen threshold requirement coupled with a continuous
variability in the level of caveolin membrane association,
or indeed of epitope access arising during tissue processing.

Caveolae are enriched in sphingomyelin, glycosphingo-
lipids and cholesterol, and the interaction between lipids,
particularly cholesterol, and oligomeric caveolin complex-
es fulfils a critical role in the generation of caveolae struc-
ture (Monier et al. 1996). Although caveolin may not be the
only essential element in the formation of caveolae, its re-
quirement is nevertheless most readily demonstrated by
studies showing: the parallel induction of caveolin-1 ex-
pression and of caveolae formation during differentiation of
3T3-L1 adipocytes (Fan et al. 1983; Scherer et al. 1994);
the respective parallel loss in oncogenically transformed
cells (Koleske et al. 1995); and recombinant expression of
caveolin-1 in caveolin-negative cells driving the de novo
formation of caveolae (Li et al. 1996; Fra et al. 1995). Our
observations of specific labelling with caveolin immuno-
marker in the cuboidal alveolar epithelial type II cell (ATII)
despite ultrastructural evidence for a lack of caveolae in
this cell type support the assumption that factors in addition
to that of caveolin are required for the generation of
caveolae. Indeed, consistent with ATII in vivo data, in vitro
data from our own laboratory (unpublished) show a weak,
but nevertheless positive, signal for caveolin-1 in Western
blots of a human ATII cell line, A549, which lack caveolae
structures.

With ATII and ATI cells staining positive for caveolin
(as demonstrated in the current study) and with the
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Fig. 4a,b Western blot analysis
of various rat tissues for cav-
eolin-1 revealing strong expres-
sion in the lung and fat. Each
lane was loaded with 100 µg of
tissue-extracted total protein.
MDCK cells are a positive con-
trol for caveolin-1. No detect-
able signal was obtained for thy-
mus, kidney, spleen and liver



recognised expression of caveolin in capillary endothelial
cells, over 50% of the cell population of lung parenchyma
is caveolin-positive. Not surprisingly therefore Western
blot data confirm extensive caveolin expression in lung tis-
sue. Northern blot analysis of rat tissues has previously
shown caveolin-1 mRNA in fat, lung and skeletal muscle,
but not kidney, liver or spleen (Tang et al. 1996). The latter
report indicated that caveolin-1 mRNA in skeletal muscle
reflects that associated with the endothelial cells within the
tissue and not the muscle fibres themselves. The lack of
caveolin-1 signal arising from endothelium within organs
such as liver, spleen and kidney may reflect the phenotypic
heterogeneity recognised for endothelium and the nature of
predominant capillary endothelial cell within that particular
tissue (Simionescu and Simionescu 1991).

The functions of caveolae in a range of cell types are un-
der intense investigation. The range of proteins reported to
be associated with caveolae is extensive and continues to
grow (see reviews of Lisanti et al. 1994 and Couet et al.
1997) and includes among others: signalling molecules
such as Gα-subunits; endothelial nitric-oxide synthase; G-
protein-coupled receptors such as endothelin receptor;
growth-factor receptors such as that for insulin; and chan-
nels such as an inositol triphosphate sensitive Ca2+ channel.
However, caveolae may not perform the same function(s)
in all cell phenotypes in which this structure has been iden-
tified (Anderson 1993). It therefore follows with biochemi-
cal confirmation that at least some of the invaginations/ves-
icles in the ATI cell fulfil the biochemical definition of
caveolae, and that the function(s) of these structures within
alveolar epithelium should now be specifically addressed.

The numerical densities of morphologically recogni-
sable caveolae in the ATI cell have been variously deter-
mined at 145–260/µm3 ATI cell volume through to
150–250/µm2 ATI cell surface (DeFouw and Chinard 1982;
DeFouw 1983; Gil et al. 1981). Given the dimensions of the
human ATI cell (Crapo et al. 1982), the above determina-
tions would equate to 0.4–1.9x106 caveolae invagina-
tions/caveolae vesicles per ATI cell at ‘steady-state’. Regu-
lation of alveolar protein clearance in the uninjured lung is
a necessary process (Folkesson et al. 1996) and, drawing
parallels with endothelial caveolae, one of the most appar-
ent functions that could be envisioned for ATI caveolae is
that of protein transport. In capillary endothelium a prima-
ry function of caveolae has long been considered the fluid-
phase endocytosis of plasma macromolecules (Silverstein
et al. 1977; Schneeberger 1983). More recent studies on the
endocytic and transcytotic functions of capillary endothe-
lial caveolae (Schnitzer and Oh 1994; Schnitzer et al. 1994)
have observed that endothelial caveolae mediate the en-
docytosis of modified albumins via receptor-mediated
(gp30 and gp18) internalization. These modified albumins
are then directed to endosomes and lysosomes for degrada-
tion, and thereby a caveolae-scavenging function is provid-
ed. Further, endothelial caveolae have been implicated in
the receptor-mediated (gp60) internalization and transcyto-
sis of native unmodified albumin. A protein trafficking
function for ATI cell caveolae has implications beyond that
of a constitutive role, for example in both the initiation and

resolution phases of pulmonary oedema. Indeed, morpho-
metric EM studies in the late 1970s (DeFouw and Berend-
sen 1978; DeFouw and Berendsen 1979) demonstrated that
in animal models of permeability-induced pulmonary oede-
ma increases of 200–300% in the number of what are now
recognised as caveolae could be observed in both the ATI
cell and the pulmonary capillary endothelial cell without
concomitant changes in caveolae size or indeed cell thick-
ness. Such an increase in caveolae number could be under
control of chemical signals as described recently by the
study of Senda et al. (1997), who demonstrated in an osteo-
blastic cell line that a dermonecrotizing toxin which acti-
vates the GTP-binding protein, Rho, leads to increased
caveolae formation. Caveolae-mediated protein transport is
also of interest not least to pharmaceutical researchers aim-
ing to exploit alveolar epithelial transport mechanisms to
deliver more efficiently therapeutic proteins and peptides
via lung inhalation to the systemic circulation (Patton and
Platz 1992; Patton 1996). Clearly, the potential range of
functions for ATI caveolae extend beyond protein transport
per se, and the specific interactions of these structures with
the alveolar environment require further study.

In conclusion, this study has detailed with immunocy-
tochemical techniques that at least certain populations of
the plasmalemmal invaginations and cytoplasmic vesicles
in the ATI cell in vivo are associated with caveolin-1, and
as such biochemically conform to the definition of
caveolae. Such biochemical characterisation affords the de-
velopment of understanding about caveolae function de-
rived from a range of studies conducted in different cell
phenotypes and has broad implications for the assignment
and further study of ATI cell functions, including the role of
ATI caveolae in signal transduction and in macromolecule
trafficking across alveolar epithelium.
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